INTRODUCTION
For nearly a hundred years, the so-called "classical" hypothesis of the physiology of cerebrospinal fluid (CSF) has persisted. According to this hypothesis, CSF physiology is based on three key premises: active CSF formation (secretion); passive absorption of CSF; and the unidirectional flow of CSF from the site of formation to the site of absorption (circulation). It is assumed that the main production sites of CSF (70-80%) are the choroid plexuses (CPes) inside the brain ventricles, which is where filtration across the endothelial capillary wall and secretion through the choroidal epithelium occur. The remaining 20-30 % of CSF production occurs as a bulk flow of interstitial fluid, probably produced by the ependyma (O'Connel, 1970; Milchorat, 1972; Pollay, 1975; McComb, 1983; can be prevented by stopping or diminishing the pulsations of cerebral arteries by aortic occlusion or by partial ligation of the brachiocephalic artery (Rennels et al., 1985) . Thus, the pulse pressure in CSF and the parenchyma (DiRocco, 1984) should be instrumental in the rapid perivascular distribution of substances from CSF but not in a slow diffusional process (Rennels et al., 1985) . A similar phenomenon was described by Iliff et all. (Iliff et all 2012; Iliff et all. 2013 ) on anaesthetized mice using modern neuroimaging tecniques for monitoring the fate of different molecules inside the CSF and ISF (fluorescent tracers or paramagnetic contrast with different m.w.; soluble amyloid β). After the application of tracer molecules into ventricles and cisterna magna a fast distribution along the adjecent cranial CSF spaces, and from there into the interstitium along the paravascular spaces was noticed (initially along the penetrating arteries and subsequently along paravenous pathway). Zmajević at al., (2002) have shown in more physiological condition on free moving cats the way in which individual molecules (dye phenosulphophtalein which imitates the fate of cerebral metabolites) applied into CSF are being disposed of by reaching the tissue, and by means of active transport at the capillaries leave the CNS. Blockade of active transport at the BBB level prolonged the stay of the dye inside the tissue and the CSF, and thus led to the wider distribution along the CSF system as well as the brain and spinal cord tissue. A significant distribution from the cisterna magna to the spinal space and tissue as well as to the lateral ventricle also goes against the classical concept of the unidirectional CSF circulation, according to which substances should in time be carried mostly to the cortical subarachnoid space from which the CSF is absorbed (Zmajević et al 2002; Vladić et al. 2009 ).
In other words, there is no special place within the CSF system exclusively for CSF formation or CSF absorption. In light of new hypothesis, the accepted circulation concept regarding hydrocephalus development has also been re-evaluated and a new one has been proposed (Orešković and Klarica, 2011 ).
The fact is that hydrocephalus is an excessive amount of CSF which accumulates in the cranium within or outside the brain. Since 99% of CSF is water (Bulat et al., 2008) , it is evident that hydrocephalus is an excessive amount of water. As there are almost no obstacles/barriers for water within the CNS, and as water quickly and easily crosses from one compartment to another (blood, CSF, ISF, intracellular fluid), the cause of excessive fluid accumulation should be searched for in pathophysiological conditions leading to the displacement of water into the CSF space, and its accumulation within the CSF system. It is well documented that osmotic gradients play a significant part in the regulation of brain water and CSF volume (Hochwald et al., 1974; Wald et al., 1976; Orešković et al., 2002; Maraković et al., 2010; Jurjević et al., 2012) . Because of this, it has been presumed that without significant obstruction or stenosis of the CSF system, all pathological processes in which an increase of CSF osmolarity (the osmotic load of CSF) takes place should lead to an increase in CSF volume, and consequently should cause hydrocephalus (Krishnamurthy et al., 2009; Orešković and Klarica 2010; what speaks in favor the most recent multiinstitutional studies of hydrocephalus as a consequence of hemispherectomy surgery for medically intractable epilepsy treatment (Lew et al., 2013) .
On the basis of the above and assumptions that the cerebral capillaries are the dominant location of fluid volume exchange capacity, it is of the utmost importance to examine how water from the bloodstream behaves when CSF is osmotically loaded. For this purpose, an experimental model in dogs was developed ( Fig. 2a ; see Methods), where acute hyperosmolar CSF is experimentally produced in only the right lateral brain ventricle (RLV; Table 1 ). This way, we achieved a very sensitive model by means of which water influx from the bloodstream into both ventricular hyperosmolar CSF and also the iso-osmolar part of the CSF was possible (Klarica et al., 1994) . This access is of crucial importance in obtaining basic answers related to the interaction of CSF hyperosmolarity and water from the bloodstream as a possible reason for CSF volume accumulation and cause of ICP increase. Using this model, we also observed and described the phenomenon of the "compensated hyperosmolarity" of CSF for the first time. The term "compensated hyperosmolarity" represents the time period when CSF hyperosmolarity has already disappeared but the effect of hyperosmolarity still persists in the CSF system. Since we assume that hydrocephalus often develops over a prolonged period (Orešković and Klarica, 2011) , and the fact that hydrocephalus was experimentally produced in rats by means of chronic hyperosmolar infusion (Krishnamurthy et al., 2009) , the development of hydrocephalus was studied in cats through subchronic micro-volume infusion of hyperosmolar solution into the right lateral ventricle (RLV).
Furthermore, if the blockade of the CSF system is not essential for the development of hydrocephalus, it should be expected that the development of hydrocephalus begins at the infusion site and then spreads through the rest of the CSF system.
EXPERIMENTAL PROCEDURES
The experiments were performed on 23 adult dogs and 8 cats, unselected for age and sex, ranging in weight from 11.0 to 25.0 kg for dogs and 1.6 to 3.8 kg for cats. All experimental procedures were performed in accordance with the European Directive 86/609/EEC on the protection of animals used for experimental and other scientific purposes, the Law on Animal Experiments were performed on mongrel dogs anesthetized with α-chloralose (100 mg/kg; i.p.) and with their head fixed in a stereotaxic frame micromanipulator into both lateral ventricles at coordinates 5-6 mm anteriorly and 7-8 mm laterally (left and right) from the zero point of the stereotaxic atlas depending on the dogs weight, and 12-15 mm vertically from dural surfaces, until free communication with CSF in the ventricle was obtained (Klarica et al., 1994 ). An additional cannula was positioned into the RLV, 2 mm anteriorly to that previously positioned which served for CSF pressure recording via a pressure transducer (Gould P 23 ID, USA) and a polygraph (Grass, Model 7, USA). A pressure transducer was calibrated at the level of the inter-auricular line using a water column. ICP is presented as cm H 2 O. All of these cannulas were fixed with dental cement to the skull. The cisterna magna was punctured with a cannula (Fig. 2a) (Fig. 2a) . A sucrose solution of 950 mmol/L H 2 O was chosen, because this was the osmolarity which was sufficient to cause a significant effect on CSF pressure (Fig. 2b ) 5 minutes after application. It was performed in the following manner: 100 µL of CSF was withdrawn from the cisterna magna and the same volume of sucrose was applied into the right lateral ventricle or cortical SAS. This procedure was repeated ten times over 1 minute until the desired solution volume (1 mL) was applied. ICP was continuously recorded before, during and after the application, and only small ICP changes could be observed during the micro-volume exchange of the solutions applied into the CSF (Klarica et al., 1994) . Thus, we want to emphasize that the saline applicationin into the CSF system (RLV) under the same conditions (micro-volume exchange method) did not considerably change either CSF volume or ICP (Klarica et al., 1994) .
In Table 1 , we have shown the osmolarity spread tested on this model in different time intervals in the left (LLV) and right lateral ventricles (RLV), and in the cisterna magna (CM).
It can be seen that the application of hyperosmolar solution after five minutes resulted in a significant increase in CSF osmolarity in the RLV and remained significantly higher over 35 minutes. Simultaneously measured osmolarity in other parts of the CSF system (left lateral ventricle and cisterna magna) did not show any increase in osmolarity. This shows that hyperosmolar CSF did not significantly spread outside the right lateral ventricles. Fifty minutes after the hyperosmolar sucrose application, CSF was iso-osmolar in all measured CSF areas. The solutions osmolarity was analyzed by means of an osmometer with a freezing point depression (Knauer, Germany).
Arterial blood samples (0.5 mL) were obtained from the cannulated femoral artery. The samples of ventricular or cisternal CSF (50 µL) were obtained through the cannulas positioned in the lateral ventricles or cisterna magna with a 25 gauge cannula which was fixed in position by a holder. It is interesting to note that we have always been able to collect CSF samples from the right (hyperosmolar) lateral ventricle, unlike the sampling from the left (isoosmolar) lateral ventricle. The samples were taken in the first, in the third, in the eighth, in the twentieth and thirty fifth minute after 3 H 2 O application (Fig. 3a) . The radioactivity of CSF (50 µL) and arterial plasma samples was measured in 2 mL of scintillation solution (HP-Ready Solv, Beckman) by a liquid scintillation counter (Beckman LS 1701, USA).
The sub-chronic application of sucrose solution in freely moving cats was done by osmotic mini-pump slow infusion over 7 days into the CSF of the lateral ventricle. The cats were osmolarity of the sucrose used in the mini-pump was assorted in such a manner as to cause a small but significant elevation in CSF osmolarity after being infused into the CSF (Table 2) .
To fix the cannula in position, two stainless steel screws were implanted into the bone and thereafter dental acrylate was poured over the bone hole, screws, external end of the cannula and the connection of the cannula to the plastic tubing, while the osmotic mini-pump was positioned subcutaneously. Finally, the wound was sprayed with local anaesthetic (lidocaine), and the cat received 50 mL of 5% dextrose intraperitoneally. The next day the cat recovered, moved freely and began to eat spontaneously. Seven days after the operation, the animals were anaesthetized and the CSF sample (1.0 mL) from CM was taken and ICP was recorded as well. Then the animals were sacrified by an anaesthetic overdose, a few drops of trypan blue were given through infusion cannula, and the cannula position in situ was verified by brain dissection, which was previously perfused through the carotid arteries with 200 ml of saline followed by 500 ml 10% formalin at a pressure of 100 cm H 2 O (Miše et al., 1996) . The size of the brain ventricles was measured by the previously described planimetry (Miše et al., 1996) . Three coronal slices, 0.5 mm thick, were taken at the labelled coordinates level (4.5;
9.5 and 14.5 mm anterior from the zero level of stereotaxic frame) for planimetry. The slices and millimetre scale were projected onto a screen at a distance of 50 cm. The contours of the brain slice and ventricle were copied onto millimetre paper and their surface measured by planimetry (see Figs. 5b and 6b). The ventricular surface percentage (%) was obtained by dividing the ventricular surface with the total surface of the slice and multiplying it by 100.
All the results are shown as the mean and standard error of mean (SEM) with the number of experiments/animals (n). For statistical evaluation, a Student's t-test was used and p<0.05 was taken as statistically significant.
RESULTS
The appearance/transition of water ( 3 H 2 O) from the blood into iso-osmolar and hyperosmolar CSF was studied by means of the micro-volume exchange method in dogs (Klarica et al., 1994; Fig. 2a; see Methods) . CSF osmolarity was increased in the RLV through the application of hyperosmolar sucrose solution (950 mmol/L). In Figure 3 , the appearance/transition of 3 H 2 O from the blood into the CSF system and the effect on ICP is
shown. It can be seen (Fig. 3a) (Bulat et al., 2008) , and that the higher and faster influx of water from the bloodstream into the RLV is a consequence of additional osmotic arrival.
In Figure 3b , the effect on ICP in the RLV and CM is shown in the same experimental model.
It can be seen that 10 minutes after the sucrose applications into the RLV, ICP increased 200-300% above the control values both in the RLV and CM. The significant increase in ICP lasts more than 80 minutes and in any observed/measured period, there are no statistical differences between ICP in the RLV and CM.
In Figure 4 , changes in CSF osmolarity (Table 1; is noted within the first 30 minutes. It is interesting to note that 50 minutes after the application of hyperosmolar sucrose, normalization in CSF osmolarity was observed whereas ICP still remained significantly high and remained so during the whole time (90 minutes). All of the latter indicates that hyperosmolar CSF osmotically draws water from the bloodstream (Fig. 3a) , therefore becoming iso-osmolar, which leads to an increase in CSF volume. Such an increase in CSF volume is reflected in higher/increased ICP, even though the CSF itself has become iso-osmolar in the meantime. The observed phenomenon, which we named "compensated hyperosmolarity", could significantly influence certain pathological conditions of the brain (see Discussion).
Since it was demonstrated in acute experiments that increasing the CSF osmolarity leads to drawing water from the blood into the CSF system and increased ICP, we examined whether the subchronic application of hyperosmolar solution in the RLV would lead to expansion of the ventricles and the development of hydrocephalus. Figure 5 shows the calculated values (5a), the contours (5b) and native form (5c) of the ventricle surface in cats after 7 days of continuous slow infusion of hyperosmolar or iso-osmolar solutions by means of mini-osmotic pumps into the RLV. It can be seen that after the infusion of hyperosmolar sucrose, the ventricular surface is significantly larger (5 a,b,c) in comparison to the control iso-osmolar infusion (5 a,b,c) in any of the observed slices. In Figure 6 , the calculated values (6a), the contours (6b) and native form (6c) of the LLV and RLV in cats was shown after 7 days of continuous infusion of hyperosmolar sucrose by means of mini-osmotic pumps into the RLV.
The enlargement was significantly greater in the ventricle which was continuously osmotically loaded (RLV) than in the contralateral ventricle (LLV).
In Table 2 , ICP and CSF osmolarity in the CM in cats is shown after seven days of isoosmolar or hyperosmolar solution infusion by means of mini-osmotic pumps into the RLV. It can be seen that after the infusion of hyperosmolar sucrose, CSF osmolarity in the CM slightly increased, but ICP remained the same as after an iso-osmolar infusion.
These experiments clearly indicate that the loading of the CSF osmolarity caused by a slow infusion of hyperosmolar solution for 7 days resulted in a significant ventricular enlargement and the development of hydrocephalus with a completely open CSF system and without significant increase in ICP (see Discussion).
DISCUSSION
It is very important to stress that 99% of CSF is water, and that when studying CSF hydrodynamics it is crucial to study the hydrodynamics of water. In addition, according to our hypothesis Bulat and Klarica, 2011; Orešković and Klarica, 2011) , CSF is not produced actively and cannot be passively absorbed into the venous sinuses, but freely exchange within the entire CSF system (Fig. 1b) . The hydrodynamic exchange network of widespread blood capillaries within the CNS Bulat and Klarica, 2011; Orešković and Klarica 2011 ) is ultimately responsible for this.
Due to the large surface area of blood capillaries and the amount of blood flowing through them, it is of crucial importance to observe/study how water from the bloodstream behaves compared to CSF. This is especially important in the case of hydrocephalus, which presents an excessive accumulation of CSF (i.e. water) in the CSF system. It has recently been proposed that development of hydrocephalus (Krishnamurthy et al., 2009; Orešković and Klarica, 2011 ) and the change in CSF volume is caused by changes in blood or CSF osmolarity (Hochwald et al., 1974; Wald et al., 1976; Orešković et al., 2002; Maraković et al., 2010; Jurjević et al., 2012) and that elevated CSF osmolarity should be considered as one of the most important factors in excessive CSF/water accumulation. We have also presumed that the greatest responsibility for the maintenance of CSF iso-osmolarity is the rapid extraction of water from the bloodstream into the osmotically loaded CSF space, and that extracted water would consequently cause an accumulation of fluid, increase in ICP and the development of hydrocephalus.
Following the behavior of 3 H 2 O in a dog model in which there are both physiological (isoosmolar CSF; LLV and CM) and pathophysiological conditions (acute hyperosmolar CSF, RLV), we have shown that the entry of water (significantly differs (Fig. 3) between the blood and CSF was already equal by the eighth minute, and in all measured intervals before equalization there was a significantly higher concentration of 3 H 2 O in relation to iso-osmolar CSF (LLV, CM). This entry of 3 H 2 O into the CSF was so fast that it was already statistically significant after one minute (Fig. 3 ).
These obtained results suggest two very important facts. In the field of pathophysiology, acutely osmotically loaded CSF affects the rapid entry of water from the blood circulation into CSF and its potential accumulation as well as the dilatation of the ventricle if CSF osmolarity increase takes a long time. In the field of physiology, overlapping 3 H 2 O curves within the LLV and CM suggest that the mechanism of water entering from the bloodstream into these compartments is the same in terms of dynamics and volume. However, in accordance with the "classical" hypothesis, these two curves should differ substantially.
Namely, if CSF formation is an active process and takes place in the CPes, then the amount of 3 H 2 O in the LLV should be expected to be considerably higher than that obtained by the free exchange of fluid in the CM. These results are in accordance to our previous studies where we have shown that net CSF formation exclusively by CP does not exist (Orešković et al., 2001; Orešković et al., 2002; Bulat et al., 2008; Klarica et al., 2009; Orešković and Klarica 2010; Orešković and Klarica, 2011 ).
In addition, although the research of Davson et al., (1970; 1973; did not associate CSF osmolarity with the pathophysiology of ICP and despite the fact that a pathological process that would lead simultaneously to an increase in CSF osmolarity and ICP in the CNS is not known in the literature, we assumed, based on our preliminary results (Klarica et al., 1998) and the described effect of hyperosmolar CSF that ICP should be elevated. Therefore, we have measured ICP using the same model after the acute application of hyperosmolar sucrose into the RLV (Fig. 3b) . It was clearly demonstrated that an acute increase in CSF osmolarity caused an increase in ICP. The entry of water caused by the osmotic force (Fig. 3a) is so important for the ICP increase, that the application of hyperosmolar sucrose led to a doubling of ICP throughout the CSF system (RLV, CM) within 4 minutes, with ICP remaining elevated during the entire measurement (Fig. 3b) . Since sucrose cannot considerably penetrate cell membranes, it is not possible to ascribe such a large and fast increase in ICP to the diffusion of sucrose into the brain parenchyma and the possible development of a periventricular brain edema. This was also supported by the absence of any significant changes in periventricular density verified in this model on a CT scan (Klarica et al., 1994) . Thus, it is obvious that the increase in ICP is related to acute osmotically loaded CSF and the consequent accumulation of water in the CSF system.
We also believe that the perceived decline of CSF osmolarity in the RLV (Table 1) primarily happens due to the rapid osmotic entry of water from the bloodstream into the CSF (Fig. 3a) .
We expected that sucrose molecules being slowly transferred by CSF pulsations into the ISF (as other substances with similar m.w. and chemical characteristics), other CSF compartments (Bulat and Klarica, 2011) and blood circulation contributes to a lesser extent to the normalization of CSF osmolarity, since larger molecules are also partially absorbed into the blood (Davson et al., 1989) . However, comparing the normalization of CSF osmolarity and ICP at the same intervals, we found that CSF became iso-osmolar, but ICP still remained significantly elevated (Fig. 4) . This phenomenon of elevated ICP (caused by osmotically loaded CSF) after CSF hyperosmolarity had disappeared, was named "compensated hyperosmolarity". Perhaps the existence of "compensated hyperosmolarity" could explain why until now an increase in CSF osmolarity in patients with elevated ICP has not been observed. Namely, if the pathological process occurs in a patient as a result of increased CSF osmolarity, it would cause a rapid osmotic entry of water into the CSF system, on the one hand leading to an increase in ICP, and to the rapid onset of iso-osmolarity on the other.
"Compensated hyperosmolarity" is also difficult to detect, because even if hyperosmolarity occurs within an isolated CSF compartment (only within the RLV; Table 1 ), it would still lead to a pathological response (elevated ICP) within the entire CSF system (within the ventricles and SAS; Fig. 4 ). It would be especially difficult to see increased CSF osmolarity if the place from where the CSF is taken (usually the lumbar SAS) is far from the place where the pathological process takes place, since we have shown that despite the application of hyperosmolar sucrose into the RLV, CSF remained iso-osmolar in the LLV and CM (Table   1) . Besides elevated ICP, a similar consideration would be true in the case of hydrocephalus.
For the reasons mentioned, it is impossible to see either an increase in CSF osmolality at higher ICP or an increase in CSF osmolality in patients with hydrocephalus, because the accumulation of CSF and ventricular enlargement occur due to the osmotic entry of water until CSF iso-osmolarity is attained. "Compensated hyperosmolarity" is therefore a very important observation, because when iso-osmolar CSF is obtained in biochemical analysis, it could often be wrongly concluded that osmotic loading of CSF did not cause increased ICP or the development of hydrocephalus. We assume that various pathological processes in the brain (infection, ischemia, trauma, inflammation, bleeding, etc.) may increase CSF osmolarity due to either damage of the brain parenchyma and increased diffusion of certain substances into the CSF or due to the impaired transport of certain substances from the CSF into the bloodstream, hence causing these substances to accumulate in the CSF and resulting in an increase in CSF osmolarity. Thus, if CSF hyperosmolarity is not noted, it should always be kept in mind that this does not necessarily exclude osmotic loading of CSF as the cause of the development of high ICP or hydrocephalus or some other pathological process.
In addition, if CSF in dogs circulates at 30-50 µL/min from the ventricles to the CM (as is suggested by the "classical" hypothesis), it should not be expected that in 35 minutes (life time of hyperosmolarity in RLV) the hyperosmolar sucrose carried by CSF circulation from the ventricle to the CM would not lead to at least a tendency for an increase in CSF osmolarity in CM, which is situated only ten centimeters away from the RLV. Therefore (under such circumstances), CSF iso-osmolarity in the CM also indicates that unidirectional CSF circulation does not exist and that the substances in the CSF systems are not being carried away by CSF circulation from the ventricles to the site of absorption (arachnoid villi).
According to our hypothesis Bulat and Klarica, 2011; Orešković and Klarica 2011) , the distribution of substances in the CSF system is performed by CSF pulsations in all directions, and the distributed distance depends on the half-life of the substances in the CSF.
Using sub-chronically infused hyperosmolar solution via an osmotic mini-pump into the RLV CSF in cats, hydrocephalus was caused (Figs. 5 and 6). We can say that it is obvious that a long-term (7 days) increase in CSF osmolarity leads to the development of hydrocephalus, as was observed in rats (Krishnamurthy et al., 2009) . However, while increased osmolarity in rats led to an equal development of hydrocephalus in the whole ventricular system, in our experiments hydrocephalus predominantly developed in the RLV (Figs. 5 and 6 ). The reason could be the two times longer duration of the hyperosmolar infusion in rats, which could have led to the osmotic entry of water into the infused ventricle and the consequent spreading of the volume through the entire ventricular system. It is important to note that in rats (Krishnamurthy et al., 2009) as well as in cats, none of the animals with hydrocephalus had obstruction of CSF pathways and that ICP was not affected (Table 2) . In other words, if the application of hyperosmolarity is slow and time-consuming, it probably results in a slow entry of water from the blood and does not lead to elevated ICP. In experiments on dogs, where the hyperosmolarity application was acute, the entry of water from the blood was very rapid and led to a multiple and sharp rise in ICP (Fig. 4) .
Thus, the existing total volume of CSF is not the result of the CSF volume secreted from the CPes and CSF volume absorbed into the venous sinuses, but the result of CSF/water exchanges within the entire CSF system with fluid from surrounding tissue and the bloodstream. Therefore, it is necessary to point out that a change in CSF osmolarity does not affect CSF formation/secretion (Orešković et al., 2002) , as was believed during earlier investigations (Hochwald et al., 1974; Wald et al., 1976) . Just as it was clearly demonstrated in our previous publications that net CSF formation does not exist (Orešković et al., 2002; Klarica et al., 2009; Maraković et al., 2010; Orešković and Klarica, 2010) , so in this work on dogs by following the water from the bloodstream into the CSF system in iso-osmolar and osmotically loaded CSF (Fig. 2) , we have clearly shown that the entry of water/CSF in any LLV (n) 285±4 (3) 280±0 (2) 283±3 (2) 280±0 (2) RLV (n) 283±6.9
420±8 (4)* 360±7 (4)* 313±5 (6)** 283±3 (6) CM (n) 285±4.8
284±1 (4) 
